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Abstract: Long-term meteorological analyzes suggest an increase in air temperature and a decrease in
rainfall over the Amazon biome. The effect of these climate changes on the forest remains unresolved,
because field observations on functional traits are sparse in time and space, and the results from
remote sensing analyses are divergent. Then, we analyzed the drought response in a ‘terra firme’
forest fragment in the southwestern Amazonia, during an extreme drought event influenced by
ENSO episode (2015/2017), focusing on stem growth, litter production, functional traits and forest
canopy dynamics. We use the Moderate Resolution Imaging Spectroradiometer (MODIS), corrected
by Multi-Angle Implementation of Atmospheric Correction (MAIAC) to generate the enhanced
vegetation index (EVI) and green chromatic coordinate (Gcc) vegetation indices. We monitor stem
growth and measure the functional traits of trees in situ, such as the potential at which the plant loses
50% of hydraulic conductivity (P50), turgor loss point (πTLP), hydraulic safety margin (HSM) and
isohydricity. Our results suggest that: (a) during the dry season, there is a smooth reduction in EVI
values (browning) and an increase in the wet season (greening); (b) in the dry season, leaf flush occurs,
when the water table still has a quota at the limit of the root zone; (c) the forest showed moderate
resistance to drought, with water as the primary limiting factor, and the thickest trees were the most
resistant; and (d) a decline in stem growth post-El-Niño 2015/2016 was observed, suggesting that the
persistence of negative rainfall anomalies may be as critical to the forest as the drought episode itself.

Keywords: greening; browning; stem growth; litterfall; leaf flush; functional traits; terra firme
forest; MAIAC

1. Introduction

Tropical forests play an important role in the carbon cycle [1], and more than half
of them are distributed in the Amazon [2]. However, this ecosystem is threatened by
global climate change [3], with projections of an increase in temperature and a decrease
in precipitation [4–6]. These changes are driven by advances in deforestation, fires and
constant change in land use [7].

Long-term meteorological analyses suggest that 2015 was the warmest year for this
biome in the last century [8]. On the other hand, climate models indicate a reduction of
0.32% per year in rainfall over the Amazon [5], coinciding with records of the most intense
drought events in recent decades [9,10]. As examples, we cite the droughts of 1997/98,
2005, 2010 and 2015/2016 [10–12].
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Given the prospects of a drier and warmer climate in the Amazon [4,5,13,14], it is
necessary to understand the response of the forest to these changes, given that conclusions
of the research are divergent. For example, the forest can be replaced by vegetation that
is more resistant to drought, such as the savannah, as a result of changes in the rainfall
regime, increase in temperature and deforestation [13,15]; or some regions of the Amazon
experience an increase or decline in evapotranspiration in the dry season (drought that
has well-defined months), and the forest increase, decline or maintain the gross ecosystem
productivity (GPP) [16–19].

Extreme drought events, such as those that occurred in 2005, 2010 and recently in
2015/2016, have acted as natural laboratories to understand forest dynamics during these
climatic episodes. However, a number of questions still remain, because the conclusions
resulting from in situ and remote sensing analysis are divergent. While remote sensing
analyses have identified a potential resilience of the Amazon rainforest to drought with
apparent greening during the dry season [20,21], others have shown that this is due to
satellite artifacts and solar sensor geometry [22–24]. On the other hand, in situ studies
have shown decreased gross primary productivity [25], increased mortality [26–28], decline
in photosynthesis [29] and stem diameter growth, and leaf litterfall and leaf flushing
increase [30,31].

These variations reinforce the complexity of the Amazon biome, and increase scientific
efforts to investigate ecological issues, such as the response of organisms and the functional
composition of trees, as a function of environmental and climatic changes [32,33]. These
functional traits are morphological, physiological and phenological attributes that allow
one to analyze the potential of communities to adapt to climate change [34,35].

The ecophysiological responses of the trees to drought using functional traits such as
isohydricity, turgor loss point potential (πTLP), potential in which the plant loses 50% of
hydraulic conductivity (P50) and hydraulic safety margin (HSM), have been analyzed
as measurements of drought tolerance [36,37]. These functional traits highlight that the
primary cause for tree mortality during drought is hydraulic failure, caused by carbon
starvation or embolism [38,39].

Methods or techniques that help to obtain functional data on a large scale can con-
tribute to the understanding of the ecosystem. Therefore, mappings based on multispectral
and hyperspectral images have sought to fill this information gap [40–44]. Satellite ob-
servations to study the phenology of tropical forests using vegetation indices as a proxy
for photosynthetic activity and leaf renewal (leaf flush or leaf flushing), combined with
in situ data, can help to minimize the uncertainties raised and improve the biophysical
understanding of forest dynamics in wet and dry periods.

Most of the in situ studies used for orbital validations were carried out in the eastern
portion of the Brazilian Amazon, with an information gap in the southwest part of the
basin. In addition, most of the in situ studies have not considered the ability of the forest to
deal with droughts, measured by the plant hydraulic traits. Considering that the impact
caused by climate changes does not depend exclusively on extreme events, but also on the
ability of plants to resist the changes they are exposed and, due to limited knowledge of
the vulnerability of tropical forests to droughts (extreme or seasonal) [45,46], we evaluated
ecophysiological attributes of drought tolerance.

To better understand the climate–vegetation dynamics, this research was based on
the following questions: How is the seasonal dynamics of the forest in the southwest
portion of the Amazon? What are the forest mechanisms to resist seasonal drought? Does
remote sensing have the potential to represent phenological and physiological changes in
the forest?

From these questions, this research aimed to evaluate the seasonal response to drought
of a “terra firme” forest fragment located in the Jaru Biological Reserve—Rebio Jaru (RJA
site), southwest of the Amazon. Here, we combine satellite with in situ data to analyze:
(i) the phenological pattern of the canopy, using the enhanced vegetation index (EVI) and
the green chromatic coordinate (Gcc) as a proxy of photosynthetic activity and production
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of new leaves, respectively, derived from the Moderate-Resolution Imaging Spectrora-
diometer (MODIS) from Terra/Aqua satellites, corrected by Multi-Angle Implementation
of Atmospheric Correction algorithm (MAIAC); (ii) physiological behavior, using measures
of stem growth and total litter production, (iii) ecophysiological behavior, using functional
attributes indicative of drought tolerance (P50, πTLP, HSM and isohydricity); and (iv) soil
moisture, water table depth and climatic data.

2. Materials and Methods
2.1. Study Area

The study area is located in the Jaru Biological Reserve (Rebio Jaru), state of Rondônia,
southwest Amazonia. The experimental site (RJA site) is part of the LBA Program (Large
Biosphere-Atmosphere Experiment in Amazonia) equipped with an eddy covariance (EC)
flux tower located at the coordinates 10◦11′21.2712′′S e 61◦52′15.1674′′W, 62 m high and
152.2 m elevation (Figure 1), part of the. Rebio Jaru contains a predominantly evergreen,
seasonally dry tropical forest with some semi-deciduous species and palm trees with an
average canopy height of 20 ± 6.7 m [47].
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Figure 1. Location of study area. PSP = LBA permanent sub-plot, where were made the forest
inventory; ROI = region of interest; Source: shapefile of the Rondonia state and Rebio Jaru from
https://downloads.ibge.gov.br (accessed on 1 December 2021).

The total annual precipitation of the RJA site is 1926 ± 141 mm, with 5 months of dry
season (between May and September), which characterizes as one of the most seasonal
sites among the LBA-monitored micrometeorological tower sites [19,25]. The dry season is
the months when evapotranspiration exceeds precipitation, around 100 mm.month−1 [48].

2.2. RJA Climatology

To generate historical averages of climate and forest canopy data, were used in situ
data obtained from the LBA EC flow tower 2004 onwards until 2017, for air temperature,
soil moisture and net radiation. We used reanalysis data from the National Oceanic and

https://downloads.ibge.gov.br
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Atmospheric Administration (NOAA) for precipitation, that was used to generate SPI-6
index (Table 1).

The in situ data used in the seasonal analysis (dry and wet seasons), such as litter, stem
growth, soil moisture and water table depth, were collected in a period which comprises
one of the most severe episodes of the El-Niño drought (ENSO 2015/16) recorded in the
Amazon since 1901 [12,49].

Table 1. Summary of the data used in this study.

Data Equipament/Metodology Period Source

MODIS/MAIAC MODIS 2000–2017 [50]

Evapotranspiration (mm) MOD16A2 2001–2017 [51]

Drought severity Standard precipitation index (SPI-6) 1983–2017 [52,53]

Precipitation (mm) Reanalysis 1983–2017 [54]

Air temperature (◦C) Sensor: 107 Campbell Scientific Inc. 2004–2017 LBA

Net radiation (W·m2) CM-21, Kipp&Zonen 2005–2017 LBA

Soil moisture (%) CS615 sensor, Campbell Scientific Inc., installed in
10 cm; 20 cm; 30 cm; 40 cm; 60 cm and 100 cm deep. 2015–2017 LBA

Water table depth (m) Piezometer May 2016–Dec 2017 **

Total Litter (Mg·ha−1) Colectors (0.50 × 0.50 m) May 2016–Jan 2018 **

Stem growth (cm) Dendrometers ZN12-T-2IP;
ZWEIFEL et al. (2005) metodology. Sep. 2015–Ago 2017 **

P50 (MPa) Pereira et al. (2016) metodology;
Choat et al. (2012) limiar. Oct. 2016 **

πTLP (Turgor Loss Point) (MPa) Tyree e Hammel (1972) and Sack e Pasquet-Kok
(2011) metodology; Bartlett et al. (2012) limiar Jul. 2017 **

Isohydricity PMS Instruments Co., Albany, NY, USA;
Bartlett et al. (2012) and Choat et al. (2012) pattern. Oct. 2016–Jul. 2017 **

Hydraulic safety margin (HSM) Choat et al. (2012) pattern Oct. 2016–Jul. 2017 **

Where: ** Data collected in this study.

2.3. Study Plot and Plant Species

In the RJA site, we built a plot of 5 ha (250× 200 m) long (10◦11′11.39′′S, 61◦52′20.89′′W,
with 153 ± 7 m altitude above sea level) (Figure 1). In the plot, we selected 31 tree
individuals with diameter at breast height (DBH > 10 cm), covering 23 representative
species of the area. The individual selection was based on the relative density (Rd) and
value of importance index (IVI) phytosociological parameters (Table 2). For the selected
trees, we measured the DBH, height followed by the botanical identification. The basal
area of the selected trees covers 24.97 ± 0.1 m2.ha−1 and DBH of 21 ± 14 cm.ha−1, with a
DBH range of 10 to 117.5 cm. The trees average 19.29 ± 9.4 m in height and some species
reach up to 55 m.

The RJA site has a variable topography, from flat relief (0–3% slope) to strong wavy
(20–45% slope). The soil has a clayey texture above 60%, with medium fertility of organic
matter (2.01 ≤MO ≤ 4.0) up to a layer of 0.20 m and very high acidity. The concentrations
of the macronutrients P, K, Ca, Mg and Al are higher at 0.20 m, and from 0.40 m onwards,
the concentration of these nutrients drops abruptly to low and even zero levels, especially
in the case of phosphorus and potassium, which reach zero levels in the deeper layers of
the soil.



Remote Sens. 2022, 14, 1733 5 of 22

Table 2. Phytosociological parameters of the species sampled.

ID Species Canopy
Positions Family Leaf

Phenology Rd G IVI

36 Astronium lecointei Ducke DC
Anacardiaceae

EG
0.79

1.28
1.11 1

254 Astronium lecointei Ducke DC EG 1.35

152 Protium tenuifolium (Engl.) Engl. DC

Burseraceae

EG 0.23 1 1.30 0.22 1

151 Protium nitidifolium (Cuatrec.) Daly DC EG 0.20 0.75 0.52 1

168 Tetragastris altíssima (Aubl.) Swarts U EG 1.04 1 1.25 2.69 1

288 Licania hypoleuca Benth. U

Chrysobalanaceae

EG 0.40 0.37 0.32

498 Licania sprucei (Hook.f.) Fritsch DC
EG 0.40

1.05
0.33

284 Licania sprucei (Hook.f.) Fritsch U 0.52

382 Anamalocalyx uleanus (Pax & K.Hoffm.)
Ducke U

Euphorbiaceae

EG 12.9 0.43 4.35 1

380 Sagotia brachysepala (Mull. Arg.)
R. Secco U

EG 0.01 2 0.52 0.01 2

379 Sagotia brachysepala (Mull. Arg.)
R. Secco U

147 Copaifera multijuga Hayne DC

Fabaceae

EG
2.96

1.86
3.78 1

31 Copaifera multijuga Hayne DC EG 0.85

24 Dialium guianense (Aublet.) Sandwith DC EG 1.19 1.66 5.03 1

328 Dipteryx magnifica Ducke DC SD 0.20 1.62 0.41

183 Dipteryx odorata (Aublet) Willd. DC SD 2.15 1 0.97 6.45 1

20 Macrolobium suaveolens Benth DC SD 4.35 1.76 0.10 1

29 Tachigali chrysophylla (Poepp.) Zarucchi
& Herend. DC EG

3.36

0.67

2.76177 Tachigali chrysophylla (Poepp.) Zarucchi
& Herend. DC EG 0.64

180 Tachigali chrysophylla (Poepp.) Zarucchi
& Herend. DC EG 1.58

102 Swartzia ingifolia Ducke DC SD 0.20 1.53 0.16

144 Sterculia duckei E.L. Taylor ex J.A.C.
Silva&M.F.Silva DC

Malvaceae
SD 0.20 1.24 0.29

182 Lueheopsis rosea (Ducke) Burret U EG 0.14 0.65 0.92

286 Cariniana decandra Ducke U
Lecythidaceae EG

0.59 1.13 5.22 1

161 Eschweilera coriacea (DC.) S.A.Mori DC 0.20 0.94 0.24

381 Virola michelii Heckel U Myristicaceae EG 1.38 0.41 1.08

27 Minquartia guianensis Aubl. U

Olacaceae EG 1.58

1.17

2.06167 Minquartia guianensis Aubl. U 1.10

03 Minquartia guianensis Aubl. U 1.12

137 Pouteria egleri Eyma U
Sapotaceae

EG 1.00 0.65 1.17

32 Pouteria durlandii (Standl.) Baehni U EG 0.58 1 0.88 0.45

Total (n = 31) 36.05 31.25 39.67

Where: Rd = relative density (%); IVI = importance value index (%); G = basal area (m2.ha−1) (measurements
performed by this research); DC = dominant canopy; U = understory; EG = evergreen; SD = semideciduous. 1 [55];
2 genus was considered to be of importance based on [56].
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2.4. Field Measurements

To analyze stem growth and relate it to weather conditions, we installed high resolution
point dendrometers (ZN12-T-2IP, Natkon.ch, Oetwil am See, Switzerland) at 1.5 m above
ground level in 22 out of the 31 trees mentioned above. Stem diameter change measurement
was automatically recorded at a temporal resoluiton of 10 min from September 2015 to
August 2017, based on registers of the compression or relaxation of the potentiometer
spring of the point dendrometers.

We consider that variations registered by the springs are preferentially related to an in-
crease in the bark thickness than on fluctuations in the water content of cambial tissues [57,58].
On the other hand, the decrease in bark represents a depletion in the tree’s water con-
tent [59]. Thus, direct measurements of the tree diameter (Dc), transformed into ∆Dc, allow
the extraction of the stem growth (Gr) excluding the influence of water fluctuations. To
obtain the Gr data, we generated the “growth line”, by linking the maximum values of the
data series using the methodology of [59]. All analyzes were performed with RStudio (R
Development Core Team, 2015).

For total litter data, we installed 4 collectors (0.50 × 0.50 m) at 1 m above ground level
between May 2016 and January 2018. The collect was carried out monthly, and then the
material was submitted to oven drying, and the total litter fraction was weighed.

Water table was monitored between May 2016 and December 2017, using a piezometer
installed at the RJA site with a depth of 9 m (10◦11′11.39′′S, 61◦52′20.89′′W), the location
was chosen closest to the flux tower.

Ecophysiological analyses were conducted at different periods (Table 1) and all func-
tional attributes of drought tolerance (P50, πTLP, HSM and Isohydricity) were generated
from water potential data, measured with a Scholander camera (PMS Instruments Co., Al-
bany, NY, USA) using specific methodologies and protocols (Table 1). πTLP measurements
were performed on 22 specimens, being chosen for their highest IVI and Rd, when possible.
Additionally, the P50 measurements were performed on 10 specimens, due to the difficulty
of applying the methodology in the study area.

The hydraulic safety margin (HSM), turgor loss point (πTLP), isohydricity and poten-
tial in which the plant loses 50% of hydraulic conductivity (P50) were used as indicators of
drought tolerance, and we used the limiar described in [38] to πTLP and [39] to P50.

2.5. Remote Sensing Products

We obtained surface reflectance data from the MODIS sensor corrected by the Multi-
Angle Implementation of Atmospheric Correction (MAIAC) algorithm [60], whose data
were processed by [50], between January 2000 to December 2017. MAIAC provides a
new method for deriving aerosol and land surface reflectance products. This algorithm
simultaneously retrieves atmospheric aerosols and bidirectional reflectance from MODIS
data, detects clouds and corrects for atmospheric effects on dark vegetation surfaces and
bright desert targets, in a moving window of up to 16 days of MODIS.

With the MODIS/MAIAC reflectance bands, the vegetation indices, the enhanced
vegetation index (EVI) [61] used as a proxy of the canopy photosynthetic activity and
the green chromatic coordinate index (Gcc) [62,63] used as a proxy for leaf flush, were
calculated by the Equations (1) and (2). Evapotranspiration data were obtained by the
MOD16A2 product. For the analysis at the RJA site, we used the average weighted by the
area of the pixels that intercepted the study plot (n = 2).

Gcc = G/(R + G + B) (1)

EVI = 2.5 ∗ ((NIR − R)/(NIR + 6 ∗ R − 7.5 ∗ B + 1)) (2)

where R, G, B and NIR are the digital numbers (DN) in the red, green, blue and near
infrared channels, respectively.

Regression model was calculated to examine the linear relationship between variables,
using the coefficient of determination (R2), with 95% confidence intervals. A nonparametric
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Kruskal–Wallis (KW) test was applied at a significance level of 5%, to test the hypothesis of
equality between the evaluated samples.

3. Results
3.1. Seasonal Variability of Field Observations and Remote Sensing Data

The seasonality in the data during the study period (2015–2017) can be seen in Figure 2.
Some parameters evaluated present a phase with precipitation (i.e., soil moisture, stem
growth and photosynthetic activity (EVI)), others present seasonal behavior in the phase
with net radiation (i.e., litter and leaf flush (Gcc)). The most severe drought episode
recorded in the study region using the SPI index was in 2003, as also observed by [64]. A
light-level drought was recorded in RJA between November 2015 and May 2016, coincided
with the occurrence of the 2015/2016 El-Niño event [8,65]. However, the months with low
rainfall lasted until July 2017 (Figure 2A,D).

The total annual rainfall (±SD, standard deviation) for the period 1983–2017 had an
average of 1926 ± 141 mm. The confidence interval for precipitation determined for the wet
season is 237.43 mm≤ µ≤ 252.62 mm, and for the dry season it is 36.39 mm ≤ µ ≤ 47.16 mm,
with 95% confidence.

The water table depth reaches the lowest quota in the transition between the dry and
wet seasons (Sep.-Oct.), and fluctuated out of phase with the rains, with a delay (Lag) of
3 months (R2 = 0.83, p-value <0.001). This lag demonstrates that the wet season rainfall
is crucial for groundwater recharge during the dry period (Figure 2B). The water table
reaches its maximum limit at the end of the wet season, when rainfall and soil moisture
decrease, taking about 4 months for the water table to recharge (Figure 2B).

The production of total litter (leaves and miscellaneous) occurs throughout the year,
but tends to show greater productivity during the dry period (Figure 2E). The production in
the 2016 dry season was 9.13 Mg ha−1, whose season comprises the period after the El-Niño
drought, but with persistent negative rainfall anomaly. In the 2017 dry season, in which the
rainfall pattern in the region was normal, litter production was 7.94 Mg ha−1, representing
a 13% decrease from one year to the other. In the wet season of 2016/17, the total litter
production was 5.91 Mg ha−1. The total litter production in 21 months of monitoring was
26.69 Mg ha−1, which gives the RJA site an average annual production of 15.25 Mg ha−1

yr−1, in the period evaluated. The mean monthly production is 1.27 ± 0.82 Mg ha−1 mth−1,
and the confidence interval is 0.92 Mg ha−1 mth−1 ≤ µ ≤ 1.62 Mg ha−1 mth−1.

The total annual stem growth in RJA had an average of 0.18 ± 0.15 cm (Figure 2F).
During the 2015/16 wet season (0.16 cm), there was a higher stem growth compared to
the 2016/17 wet season (0.09 cm) (p-value = 0.047, KW). In the 2016 dry season, stem grew
0.08 cm. The mean monthly stem growth is 0.015 ± 0.01 cm, and the interval confidence is
0.011 cm ≤ µ ≤ 0.019 cm.

The diameter class DBH ≥ 40 cm (0.19 ± 0.18 cm) showed greater stem growth in the
wet season of 2015/16 followed by the class 20–30 cm in diameter (0.16 ± 0.11 cm), in the
same period of 2016/17 the class of 30–40 cm (0.13 ± 0.11 cm) showed the greatest seasonal
increase. In the 2016 dry period, trees between 30–40 cm (0.10 ± 0.13 cm) represented
the diameter class with the greatest stem growth. In terms of stem growth, an increase
trend was observed in the wet season compared to the dry season, whose seasonality was
statistically significant (p = 0.007, KW).

The EVI increases in mid-September and decreases in mid-February/March during
the wet season (Figure 2G). Average EVI was 0.49 ± 0.03, with interval confidence of
0.48 ≤ µ ≤ 0.50. In Gcc, it is possible to identify 2 peaks in the values, one at the apex of the
dry season and the other at the beginning of the wet season (Figure 2H, red line). Average
Gcc was 0.49 ± 0.01, with interval confidence of 0.494 ≤ µ ≤ 0.496. Gcc behaves opposite
to EVI, as it tends to increase in the dry season and decrease in the wet season.
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Figure 2. Temporal pattern of variables for the study series, RJA site. (A) Precipitation in black and
evapotranspiration in red; (B) Water table depth in black and soil moisture in red; (C) Net radiation
in black and temperature in red; (D) SPI6 index; (E) Total litter; (F) Stem growth; (G) EVI index in
black and long-term EVI index in red; (H) Gcc index in black and long-term Gcc index in red.
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The stem growth (Gr) and EVI presented a relationship (R2 = 0.32, p-value = 0.006),
being observed that stem growth increases when the photosynthetic activity also presents
an increase (Figure 3A). When observing the EVI and Gr long-time series (average monthly),
the relationship was R2 = 0.70 (p-value = 0.001) (Figure 3B). The Gcc and Gr long-term aver-
ages showed R2 = 0.31 (p-value = 0.058, Lag 1) (Figure 3C), and R2 = 0.18 (p-value = 0.063,
Lag 3) during the period of this research (2015–2017) (Figure 3D).
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Figure 3. Relationship between in situ and remote sensing data, RJA site. (A) EVI × Stem
growth; (B) EVI (2000–2017) × Stem growth (2015–2017) monthly long-term average; (C) Gcc
(2000–2017) × Stem growth (2015–2017) monthly long-term average; (D) Gcc × Stem growth.

Precipitation is the climatic factor that best explains the variability in long-term EVI,
with R2 = 0.58 (p-value = <0.001), compared to net radiation (R2 = 0.30, p-value = 0.002). To
the Gcc, precipitation explains 32% (p-value = 0.002) of variance, and net radiation explains
21% from Gcc (p-value = 0.015).

The analysis of the historical averaged monthly Gcc and total litter production, Gcc
explained 45% of the variation of the total litter with one month lag (p-value = 0.0169)
(Figure 4A); however, this relationship is weakened and not significant when tested month
by month in the study period (2015 to 2017) (R2 = 0.01; p-value = 0.68).

Average monthly EVI does not follow changes in canopy structure associated with
monthly leaf flush average by Gcc; on the contrary, an out-of-phase trend was observed
between these two indices (Figure 2G,H). EVI×Gcc was R2 = 0.03 p-value = 0.61 (Figure 4B),
and EVI× total litter was R2 = 0.14 p-value = 0.22 (Figure 4C). However, EVI with 3 months
lag had R2 = 0.64 to total litter (p-value < 0.001) (Figure 4D).

3.2. Drought Tolerance

In terms of the leaf water potential at turgor loss (πTLP), among the monitored
species, only one specimen showed resistance (id 284), based on the confidence interval
(CI) established for seasonal tropical forests (πTLP > −3.01 MPa) based on [38]. Twelve
specimens (id 382, 380, 381, 161, 32, 168, 286, 183, 489, 24, 36, 328) had moderate resistance
(−1.69 ≥ πTLP ≥ −3.01 MPa), and nine species (id 288, 31, 29, 137, 27, 167, 102, 152, 20)
had πTLP values within the low resistance class (πTLP > −1.69 MPa) (Figure 5). Specimen
id 254 does not have a πTLP measurement.
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Figure 4. Relationship between EVI, Gcc indices and total litter, RJA site. (A) Gcc (2000–2017) × total
litter (2016–2018), monthly long-term average; (B) Gcc × EVI (Sep. 2015–Dec. 2017); (C) Total
litter (2016–2018) × EVI (2000–2017) monthly long-term average (D) Total litter (2016–2018) × EVI
(2000–2017) monthly long-term average, with 3 months lag in EVI.
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The individual with the smallest stem diameter (DBH ≤ 20 cm) had more negative
πTLP, with a mean of −2.2 ± 0.74 MPa. Species with DBH > 20 cm represented the
diameter class with the highest πTLP values, with a mean of −1.73 ± 0.08 MPa (Figure 5).
All classes presented mean values within the confidence interval from [38]. The mean of
πTLP was −1.87 ± 0.63 MPa, then the monitored trees can be classified as having moderate
drought resistance.

According to the P50 confidence interval, based on [39], two specimens showed low
resistance to drought (id 380, 382) (P50 > −1.32 MPa), three specimens showed moderate
resistance (id 381, 31, 137) (−1.32 ≥ P50 ≥ −3.54 MPa), and five specimens had P50 in the
high resistance range (id 167, 168, 286, 183, 254) (P50 < −3.54 MPa) (Figure 6). The other
trees did not have P50 measured. Considering all analyzed individuals, the average P50 for
the plot was−3.25± 1.51 MPa, which corresponds to the moderate drought resistance class.
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Figure 6. P50 of species sampled in RJA and threshold based on [39].

Individuals included in the ≤ 20 cm diameter class (thin tree) had higher P50
(−1.51 ± 1.03 MPa), which is equivalent to lower resistance to drought, and individu-
als with DBH > 20 cm (large tree) had lower values (−3.63 ± 1.21 MPa), which means
higher drought resistance (Table 3).

Table 3. πTLP and P50 by diameter class, RJA site.

Diameter Class
πTLP (MPa) P50 (MPa)

Trees Average σ Trees Average σ

DBH 10–20 cm sp = 5 −2.29 0.63 sp = 3 −1.507 1.028

DBH 20–30 cm sp = 5 −1.79 0.69 sp = 2 −2.780 0.537

DBH 30–40 cm sp = 6 −1.93 0.55 sp = 4 −4.486 0.503

DBH > 40 cm sp = 6 −1.67 0.53 sp = 1 −4.71 -
Where: σ = standard deviation; sp = specimen.

Isohydricity is a good indicator of limitations to stomatal function, in which isohydric
behavior species have greater stomatal regulation and anisohydric show minimal stomatal
regulation. In the RJA site, an anisohydric behavior was predominant among the species, in
which 75% (dry season) and 76% (wet season) of the evaluated species showed fluctuations
in leaf water potential (ΨF) throughout the day as weather conditions varied. The ΨF varied
with air temperature in 63% of the species in the dry period and 82% in the wet season,
with increasing temperature during the day. The results from the functional attributes
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associated with the diurnal variation in the plant water potential suggest that this forest
presents a moderate level of drought tolerance.

The hydraulic safety margin (HSM), which indicates how far the species is from a
possible hydraulic failure during normal drought conditions [39,66], was a good predictor of
diameter variation of the trees (R2 = 0.4299, p-value = 0.0436) (Figure 7A). When two outliers
are excluded, the value reaches R2 = 0.8136 (p-value = 0.0025) (Figure 7B). More negative
HSM indicates greater risk of embolism and, therefore, greater possibility of hydraulic
failure [67]. The lowest values of HSM were observed in thinner trees, confirming their
vulnerability to drought.
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Figure 7. Relationship between DBH and HSM of species sampled in RJA. (A) Relationship of DBH
and HSM of all measured trees; (B) Relationship of DBH and HSM excluding two outlier points.

The functional attributes of drought tolerance, such as P50, πTLP and isohydricity,
show a trend of moderate drought tolerance for the study plot. When evaluated by stem
diameter, thinner trees show less resistance to drought.

4. Discussion
4.1. How Is the Seasonal Dynamics of the Forest in the Southwest Portion of the Amazon?

Seasonally, the phenological and physiological aspects show a diverse articulation
in terms of survival strategy during the dry season, which, on average, reaches a total
rainfall of ~250 mm in the 5 (five) months duration. Stem growth is prioritized in the
wet season, and leaf renewal (see litter and Gcc) in the dry season (Figure 8). Plant
investment in different tissues, following climatic seasonality, was also observed in other
Amazonian sites [25]. The seasonality of stem growth occurs in phase with the seasonality
of precipitation (R2 = 0.44, p-value = 0.001) (Figure 8), this trend was observed in several
biomes [3,59,68,69]. In tropical forests, the relationship between stem growth and rainfall
has been observed regardless of whether water or light availability acts as a limiting
factor [3,69], as low water availability inhibits cell expansion process [70]. [68] state that
small rainfall events can accelerate radial growth, even without moistening the soil or fully
rehydrating the tree. This indicates that more important than water stored in the soil is
rainfall for stem growth, and a change in rainfall patterns over this region can lead to effects
on stem growth.

In the dry season, we also observed lower photosynthetic activity (represented by the
EVI) and increased production of new leaves (represented by the Gcc and Litter) (Figure 8).
This suggests that leaf renewal, in addition to weather conditions, is also related to the
seasonality of wood growth, since the increase in the number of new leaves diverts energy
from wood formation to the formation of leaf tissues [19]. The seasonality of stem growth
following the seasonality of the EVI confirms this energy partition, as wood formation
tends to occur in the season with greater availability of resources, e.g., water, nutrients and
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carbon. The reduction in stem growth at the RJA site during the drought corroborates global
studies that have observed a decrease in net primary productivity driven by drought [1]
and a decrease in stem growth in much of the Amazon [26,71].
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Total litter increased in the dry season and decreased in the wet season (Figure 8),
which corroborates the seasonality of the EVI, showing an increase in the wet season and
decrease in the dry season with 3 months lag (R2 = 0.64, p-value < 0.001), when new leaves
are expected to reach maturity 3–5 months after being produced [72,73], thus increasing
the photosynthetic activity of the canopy.

Historical average of Gcc, is an important index to characterize leaf renewal in the
study area, and to identify a bi-seasonal leaf flush aspect. However, its use to assess the
seasonality of canopy phenology on a reduced time scale needs to be carefully analyzed
due to the rapid response of this index to changes in the canopy in terms of leaf loss and
renewal, which occurs throughout the entire year.

4.2. What Are The Forest Mechanisms to Resist Seasonal Drought?

As a result of a water deficit, plants can act to prevent hydraulic failure by closing the
stomata, which causes a consequent reduction in transpiration and photosynthesis [74]. At
the RJA site, different trees showed different survival strategies during periods of limited
water availability, ranging from species that regulate stomata during the day (isohydric) to
those that do not perform stomatal regulation as climatic conditions vary (anisohydric).
In the wet period (October), 76% of the trees analyzed presented anisohydric behavior,
and in the dry period (July) 75%. Anisohydric plants, under optimal conditions and under
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mild to moderate drought conditions, maintain greater stomatal conductance (gs) and CO2
assimilation than isohydric plants [75].

The pattern observed in evapotranspiration (Etp/MODIS), of a slight increase during
the dry season, remaining almost constant throughout the year, corroborates the predomi-
nant anisohydric characteristic of species from the RJA site, which maintain their ability to
carry out gas exchange due to low regulation stomatal even during the dry season. In other
words, the existence of energy (Rn) and water in the system, part of the net radiation is
used in the metabolic processes of plants, part is transformed into sensible heat that heats
the soil and atmosphere and a greater part is commonly used to evapotranspire water [76].

Another plant survival strategy is foliar abscission, reported as a plant adaptation
mechanism to dry periods, used to minimize water loss by transpiration [77]. The increase
in litter production at the RJA site occurs during the dry period, but this pattern does not
seem to reflect a water loss minimization strategy, since, although there is less rainfall, it
is during this period that there is a slight increase in evapotranspiration, evaluated with
MODIS and corroborated by previous studies [17,78], and an increase in the production of
new leaves.

Evapotranspiration (Etp) has been used as an indication that the Amazon forest
supports the dry season well, due to the fact that in some regions, Etp presents higher
values in the dry season than in the wet season [16,17,79], as observed in this research. The
question is, how can high Etp rates be maintained in periods of low rainfall? This answer
has been supported by the hypothesis that plants produce roots capable of capturing water
from deep soil layers [17,80], but the knowledge of root depth is still scarce [81]. During
the drillings for soil collection at the RJA site, fine roots were observed to a depth of 5
m excavated, and the water table reaches more than 8 m in September, at the end of the
dry season and beginning of the wet season (Figure 9). Based on this, the increase in
Etp in the dry season, identified with data obtained remotely and corroborated by the
literature, and the increase in the production of new leaves in this period, using Gcc and
litter as proxies, can be explained by some mechanisms identified in the area of study, and
based on previous studies carried out at Rebio Jaru: (i) water storage in the wet season
keeps Etp in the dry season; (ii) deep roots, even if insignificant in mass, are efficient in
capturing water from the soil, eventually distributing it to the shallower roots via hydraulic
redistribution [17,82,83]; (iii) in the dry season, the flow of water in the soil is forced
by capillary action, from the deeper and more humid layers to the shallower and drier
layers, estimated to be around 2.8 mm.day−1 for the Rebio Jaru [18,80,81]; and (iv) the
lower stomatal regulation by anisohydric plants, associated with the water supply and the
availability of liquid radiation, allows gas exchange and, consequently, the maintenance
of high Etp rates and the production of new leaves in the dry season, keeping Etp almost
constant throughout the year.

Soil analysis showed homogeneity of the analyzed profiles. As a result, soils poor in
nutrients and a thin layer rich in organic matter up to 0.20 m are observed. As a result, a
large part of the supply of nutrients to plants comes from the decomposition of the biomass
that falls on the forest floor. [84] observed a decomposition coefficient (K) of 1.37 for the
RJA site, and that the decomposition of 50% of the material occurs in an average time of
184 days. The increase in litter at the beginning of the dry period therefore provides the
necessary nutrients for the metabolic processes of the plants, since the soil in this area
has low fertility and low nutrient content. High values during the dry season have been
observed for the Amazonian forests [84,85], demonstrating that the forest has an intelligent
mechanism to partition energy and survive.

Regarding stem growth (Gr), lower diameter class trees (DBH < 20 cm) showed less
stem growth in all seasonal periods evaluated compared to high diameter class trees
(DBH > 20 cm). Although the stem growth rate is reduced in the dry season, considering
all diameter classes.
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Trees with a diameter < 20 cm showed lower resistance to drought than those with
a larger diameter (>20 cm), considering the attributes P50 (−1.51 ± 1.03 MPa), HSM and
isohydric behavior.

Broad trees (DBH > 20 cm) showed greater growth in the RJA site. With the functional
attributes πTLP (−1.73 ± 0.08 MPa), HSM and predominant anisohydric behavior, moder-
ate drought resistance of these diameter classes was observed. This pattern indicates the
ability to keep the stomata open, even during critical periods, which allows the maintenance
of the tree’s metabolism to invest in growth, when water is not a limiting factor.

Analysis using functional attributes of drought tolerance showed a tradeoff between
growth and tolerance. Broad trees, in the Amazon context, are identified as more vulnerable
to drought, being more prone to mortality than thin trees [26,27,86]. Based on the set of
attributes analyzed (P50, πTLP, HSM and isohydricity) in this research, larger diameter
trees, in general, were more resistant to drought, due to their higher growth rate, lower P50
(more negative), higher HSM and anisohydric behavior (maintenance of gas exchange). On
the other hand, thin trees (DBH ≤ 20 cm) grew less and had a higher P50 (less negative)
compared to large trees, as a potential reflection of the greater stomatal control of species of
this diameter class, which exhibit typically isohydric behavior. This indicates that greater
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stomatal control during drought is an adaptation strategy that, for the case of finer species,
results in reduced growth due to limiting the capacity for gas exchange.

Although differences were observed between diameter classes, in the context of the
plot (ROI), all classes showed resistance to drought within the limits established for the
functional attributes based on [38,39], giving the RJA site moderate drought resistance. At
the individual level or diameter classes, these attributes need to be carefully evaluated,
since they represent different adaptation processes of plants to environmental forcings.

Taking into account the tendency to increase the stem growth (Gr) of trees with
increased precipitation (R2 = 0.44, p-value = 0.001), it appears that the plant’s processes
to invest in wood are mainly supplied by water from the rain. The trend of total litter
to increase with increasing water table depth (R2 = 0.54, p-value < 0.001, Lag = 3), since
litter was used as an indirect measure of leaf flush, these relationships may indicate that
groundwater is used by the plant for the leaf renewal process. Water is therefore the main
climatic factor of the forest dynamics in the RJA site.

4.3. Does Remote Sensing Have the Potential to Represent the Phenological and Physioloagical
Changes of the Forest?

EVI was more related with rain than with net radiation. This result confirms the
evidence raised by [69,87,88], that in Amazon regions with precipitation below the threshold
of 2000 mm·year−1 [69,87] or 1943 mm·year−1 [88], photosynthesis, evaluated with EVI
and SiF, is lower during the dry season than during the wet season. Therefore, in regions
where the average annual precipitation is less than 2000 mm, the water stored in the soil in
the wet season tends not to be enough to meet the atmospheric demands of the dry period.

It is suggested that the RJA site, in the southwest of the Amazon rainforest, is limited
by water, so that photosynthetic activity increases with precipitation, and EVI peaks occur
in November during the wet season. This result is consistent with a previous analysis that
observed that maximum chlorophyll values occur between September and December for
88% of the Amazon rainforest [88], confirming our hypothesis that EVI is a better indicator
of the maturity of leaves that fall from trees in the dry season. It has been discussed that
young leaves tend to have higher transmittance of infrared radiation than mature leaves;
therefore, it is expected that, as the leaves fall and are changed, the EVI decreases in response
to its dependence on the near infrared band [89–91], which is the region of the spectrum
that interacts with the intercellular spaces of the leaf mesophyll [92,93]. Additionally, as
the new leaves reach maturity and the canopy increases its leaf area, there is an increase in
EVI. So EVI was not related to total litter and Gcc, but was related to stem growth.

The seasonal variation of Gcc was consistent with the characteristic of the study region,
in which leaf exchange is observed throughout the year, although greater in the dry season,
and smaller in the wet season. The occurrence of leaf flush (foliar renewal) during the
dry season has been reported in other regions of the eastern Amazon, e.g., [72,79,87,94,95]
and now, with this dataset, at the RJA site located in the southwest of the Amazon basin.
The results presented here demonstrate a bi-seasonal leaf flush characteristic, with peaks
occurring in the dry season and at the beginning of the wet season. The total litter produc-
tion also increased in the dry season, with a gradual reduction until the mid-wet season
(Figure 2), corroborating the long-term Gcc.

Because of this, the pattern observed at the RJA site was the occurrence of the greening
effect (or green-up, greeness) in the wet season, between October and April, which is the
increase in photosynthetic activity observed by remote products. In the dry season, the
browning (or brown-down) effect occurs, between May and September, a period in which
there is leaf renewal and reduced photosynthetic activity. This result shows that there is
a difference in the sensitivity of Gcc and EVI to chlorophyll present in leaves and shows
that the expected greening during the dry season [21,78,96] does not occur in this region of
the Amazon. The Gcc and Gr showed no relationship, that is, while the production of new
leaves increases, the stem growth is reduced.
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Ref. [71] observed that in tropical forests of French Guiana wood and leaf pro-
duction processes occur separately. For this analysis they used measurements of litter,
wood growth with band dendrometers and EVI data as a proxy of photosynthetic activity
(MODIS/MOD13Q1 product). The authors observed that peak EVI occurs with a delay of
3.5 months with wood growth (R = 0.70), and in the dry season, when leaf renewal driven
by radiation occurs, wood growth ceases. Already at the beginning of the wet season, when
leaves are ripe and water is available, stem growth returns quickly, reflecting a shift in
carbon allocation from short-lived plant organs (leaves) to long-lived ones (wood). This pat-
tern was observed in this research, corroborating that in sites limited by water, the process
of resource allocation by plants also occurs. However, unlike [71], the MODIS product used
in this research, correcting the atmospheric effects and artifacts of the sun-sensor geometry
with the MAIAC algorithm, showed a positive relationship between EVI and stem growth
without lag of R2 = 0.32 in the study period (2015/17).

These results reveal the potential of remote sensing to assess forest dynamics and, in
other cases, to support the integrated interpretation of the forest drought response. Al-
though challenges exist, advances are being made, using traditional [97] and functional [98]
vegetation indices.

Our results have brought unprecedented knowledge to this study area about how the
forest responds to drought, which can support future projects in this region of the Amazon.
The challenge on this site is to maintain the continuity of collections and access logistics.
It is important to advance in the application of standardized atmospheric corrections for
remote products, as MAIAC is an algorithm applied to MODIS images, which makes it
difficult to compare the data with other freely available satellite images, such as TM, OLI
and MUX sensors.

5. Conclusions

We provide the first regional assessment of the ecophysiological and physiological
dynamics of the forest, integrating functional and orbital data in an installed plot in the
southwest of the Amazonia. Additionally, we assess the forest’s response to the recent
drought (2015/2016) using image-derived orbital products with corrections that exclude
artifacts that may influence seasonal forest patterns (EVI MAIAC and Gcc MAIAC).

Our results, using remote sensing and in situ measurements, suggest that:

1. EVI and Gcc are sensitive to different responses of the forest canopy structure. During
the dry season, the forest reduces its photosynthetic activity even as it renews its
leaves at the same time, a browning effect. During the wet season, photosynthetic
activity increases, with a greening effect, revealing the relationship of this response
with leaf maturity.

2. The pattern of vulnerability to drought does not follow that of other Amazonian
sites. Trees with larger stem diameters are more resistant than trees with thinner stem
diameters.

3. Negative effects on stem growth post-El-Niño 2015/2016 were observed, suggesting
that the persistence of negative rainfall anomalies may be very critical for the forest,
regardless of whether extreme drought is influenced by changes in ocean temperature.

4. It is expected that precipitation is climatic forcing with the greatest influence on both
the stem growth and the increase in photosynthetic activity of the canopy.

5. In situ ecophysiological data are essential for this type of analysis; however, they are
scarce, difficult to collect and have limited temporal resolution. Satellites provide
a practical method to assess forest dynamics, at appropriate scales, to which this
research sought to contribute.
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